Abstract: This study used stable hydrogen and oxygen isotopes as natural tracers to investigate their isotopic composition in precipitation, and in shallow and deep groundwater in the Penghu Islands in the Taiwan Strait. We aimed to understand the differences and relationships in isotope compositions within various water bodies and to evaluate the source of groundwater recharge. The hydrogen and oxygen isotopic compositions of sampled groundwater are mainly distributed along the meteoric water line in the Penghu Islands, the variations in the distribution range being minor (the δD values are distributed from −48.2‰ to −37.7‰, with a mean value of −43.14 ± 2.4‰; the δ 18 O values are distributed from −6.96‰ to −5.46‰, with a mean value of −6.34 ± 0.34‰). The data suggest that the groundwater is sourced mainly from local precipitation. In addition, a comparison of the hydrogen and oxygen isotopic compositions of groundwater and precipitation in Taiwan shows that the δ values for groundwater are distributed between those for precipitation during the northeast monsoon and the southwest monsoon seasons. However, some of the δ values trends towards the isotopic composition of the precipitation during the southwest monsoon season. Thus, the source of groundwater may have a closer association with precipitation during this time.
Introduction
Previous studies have found that hydrogen and oxygen isotopes are not affected by the environment and degradation of water quality [1] . In addition, the generation and composition of these isotopes are controlled by different stages in the water cycle, and are associated with the movement of water bodies and hydrological processes, with low temporal variation. Thus, these stable isotopes can be used to investigate the behavior of water body movement in the stratum and the mutual relationships between various water bodies. The stable isotopes of hydrogen and oxygen were generally used to evaluate hydrological environments [2] . These isotopes have a wide range of applications, and are used in large-scale studies on the natural environment, where concentrations of the isotope components are variable. Differences in physical or chemical properties of the environment will result in isotope fractionation, which is preserved in the water cycle. Thus, changes in the natural hydrological environment are reflected by changes in the isotope ratios of hydrogen and oxygen, as observed in atmospheric precipitation models [3] , in mutual interactions between groundwater and surface water [4] , recharge processes and flow mechanisms of groundwater [5] , and groundwater salinization mechanisms [6] . In small-scale studies, these isotopes are mainly used in methods similar to tracer calibration, to examine the movement of water in soil, and the source of moisture in soil absorbed by plants [7] . Isotopic studies can also be used to monitor groundwater flow in unsaturated porous layers [8] and to understand preferential flow pathways [9] .
Meteoric water in different regions has different compositions of stable hydrogen and oxygen isotopes, due to isotope fractionation. When meteoric water seeps into the ground to form groundwater, its isotopic variation is recorded in the groundwater. Hence, differences in isotope compositions can be used as a basis for the detection of groundwater sources [10] [11] [12] [13] . During the process of seawater evaporation to inland precipitation, continuous isotope fractionation causes changes in hydrogen and oxygen isotope compositions in meteoric water. As this process is based on isotopic fractionation during evaporation and condensation, there is a specific relationship between hydrogen and oxygen isotopic distributions in atmospheric precipitation. This relationship was first proposed by Craig [14] , who analyzed H and O isotopic compositions in rain, snow, and river water samples from around the world and used linear regression to obtain the Global Meteoric Water Line (δD = 8δ 18 O + 10) . The meteoric water line shows that the ratio of the two isotopes, δD and δ 18 O, is about 8:1, with intercept value is around 10‰. The meteoric water line is an important reference line and tool in isotope hydrology research. Under room temperature conditions, stable hydrogen and oxygen isotopes in groundwater tend to preserve the same δ value as that in the initial meteoric water. Thus, the source and evolution process of groundwater in a specific location can be determined based on the groundwater's relationship with hydrogen and oxygen isotopes in meteoric water [11, 15] . As hydrogen and oxygen isotopic composition of groundwater records weather conditions (e.g., temperature and humidity) at a given time, this tool can be used to investigate the causes of isotopic variations and thus distinguish the sources and partition of groundwater, allowing past weather conditions to be examined.
Study Area
The Penghu Islands have larger evaporation than precipitation and significant variation in precipitation during the wet and dry periods [16] . Since it has been difficult to store water in lake reservoirs, groundwater plays an important role in the water supply over time. However, due to excessive exploitation of groundwater resources, some areas show signs of seawater infiltration, which has caused a gradual increase in salinity of aquifers. Water shortages in the Penghu Islands are becoming increasingly significant, and thus groundwater usage is an important topic [17] . Obtaining better information on the sources of groundwater recharge and the effects of climate and monsoons on water resources would significantly aid in water resource management.
The Penghu Islands were selected as the main study site (Figure 1 ). The areas studied were Magong City, Huxi Township, Xiyu Township, and Baisha Township. The total study area is about 104 km 2 , which is about 80% of the area of the Penghu Islands. In the study area, the terrain is high in the South and low in the North, with no natural rivers and only artificial drainage canals. The average elevation is 30 m, with the highest elevation being 74 m. Due to the flat terrain of the Penghu Islands, during winter, there are no uplifting of air masses to form rain. During summer, the main source of precipitation is from typhoons. However, typhoons frequently arrive from the east of Taiwan and cross the Central Mountain Range, where most of the water vapor is intercepted. Therefore, precipitation in the Penghu Islands is far lower than that for Taiwan Island. The annual average rainfall is only 1000 mm, which is mainly concentrated between May and September. The average evaporation in the Penghu Islands is 1450 mm, resulting in a lack of usable surface water supply [18] . Figure 2 shows the monthly average rainfall and evaporation.
While the surface water supply in Penghu Islands is insufficient, the groundwater is more stable than surface water. Therefore, groundwater is the major source of water of this region. The subsurface hydrogeology of the Penghu Islands has an 80 and 40 m thickness of the shallow and deep aquifers, respectively, being interlaid with a clay layer 20-40 m thick. Wells in Penghu Islands were divided into shallow and deep wells. A total of 1825 shallow wells were recorded, which were mainly used for domestic purposes. The annual total pumping capacity was estimated to be 2.11 million m 3 . Deep wells mainly belonged to water companies, and 126 of them were recorded. The annual pumping capacity of the deep wells was estimated at 0.98 million m 3 [19] . The islands have a flat terrain (i.e., no mountains). The natural surface vegetation consists of short grasses and shrubs, and there are no flow stoppage conditions, resulting in almost no rivers. Only a few reservoirs and ponds accumulate rainwater. Therefore, the source of groundwater in the Penghu Islands is worth investigating.
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Sampling and Analytical Techniques
We sampled rainwater, reservoir water, and groundwater from the Penghu Islands and analyzed their stable hydrogen and oxygen isotopic compositions. Duplicate samples were collected at every sampling point, each sample containing 100 mL of water. Figure 1 shows the sampling locations in the Penghu islands. Isotopic ratio measurements were carried out at the Research Center for Environmental Changes (RCEC) of the Academia Sinica, Taiwan. δ 18 O values were determined using the CO2-H2O equilibration method [20] . In the pretreatment system, standard CO2 with known capacity of the deep wells was estimated at 0.98 million m 3 [19] . The islands have a flat terrain (i.e., no mountains). The natural surface vegetation consists of short grasses and shrubs, and there are no flow stoppage conditions, resulting in almost no rivers. Only a few reservoirs and ponds accumulate rainwater. Therefore, the source of groundwater in the Penghu Islands is worth investigating. 
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We sampled rainwater, reservoir water, and groundwater from the Penghu Islands and analyzed their stable hydrogen and oxygen isotopic compositions. Duplicate samples were collected at every sampling point, each sample containing 100 mL of water. Figure 1 shows the sampling locations in the Penghu islands. Isotopic ratio measurements were carried out at the Research Center for Environmental Changes (RCEC) of the Academia Sinica, Taiwan. δ 18 O values were determined using the CO 2 -H 2 O equilibration method [20] . In the pretreatment system, standard CO 2 with known δ 18 O values was allowed to react with the water samples at 30 • C for 2 h. After equilibrium was achieved, freezing was used for water removal and purification, and CO 2 was collected in a glass tube. Thereafter, isotope ratio mass spectrometry (IRMS) was used to quantify the oxygen isotopic compositions of the water samples that had achieved isotopic equilibrium with oxygen in the CO 2 [21] . Extraction of hydrogen was carried out using zinc granules to produce hydrogen gas [22] . In this method, 200 mL of zinc granules were weighed and a capillary tube was used to remove 4 µL of the water sample, and both were sealed in a 1/4" (6.35 mm) vacuum Pyrex specimen. The sealed specimen tube was placed in a 500 • C oven for 30 min to allow the water sample to completely react with the zinc, producing hydrogen gas through reduction. The specimen tube was then moved to the IRMS instrument to quantify the hydrogen isotopic composition [23] . δD and δ 18 O were used to express the hydrogen and oxygen isotopic composition of the water sample relative to the standard mean ocean water (SMOW), given as 
Results
A total of 38 rainwater isotope data from past investigations (e.g., Wang et al. [24] , Wang et al. [25] , Wang et al. [26] , and the Central Geological Survey (CGS) by the Ministry of Economic Affairs [27] ) and 5 isotope data from our own samples were used in this study. The results show that the δD values of rainwater were distributed between −81.9‰ and 46.0‰, with an average value of −18.9 ± 27.4‰, and that the δ 18 O values were distributed between −11.41‰ and 4.99‰, with an average value of −3.7 ± 3.4‰. The average value of the intercept was 10.8‰. Linear regression was used to evaluate the local meteoric water line (LMWL) for the Penghu Islands, which was found to be δD = 8.02δ 18 O + 10.84 (Figure 3) . The hydrogen and oxygen isotopic compositions in the Penghu Islands are consistent with the Global Meteoric Water Line (GMWL, δD = 8δ 18 O + 10) (Craig [14] ).
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A total of 38 rainwater isotope data from past investigations (e.g., Wang et al. [24] , Wang et al. [25] , Wang et al. [26] , and the Central Geological Survey (CGS) by the Ministry of Economic Affairs [27] ) and 5 isotope data from our own samples were used in this study. The results show that the δD values of rainwater were distributed between −81.9‰ and 46.0‰, with an average value of −18.9 ± 27.4‰, and that the δ 18 O values were distributed between −11.41‰ and 4.99‰, with an average value of −3.7 ± 3.4‰. The average value of the intercept was 10.8‰. Linear regression was used to evaluate the local meteoric water line (LMWL) for the Penghu Islands, which was found to be δD = 8.02δ 18 For the analysis of isotopic compositions of hydrogen and oxygen in groundwater, Wang et al. [26] pointed out that the δ 18 O of deep groundwater is distributed between −6.46‰ and −5.67‰, and δD is distributed between −42.9‰ and −34.1‰. It was further noted that the variation in deep groundwater is lower than that of rainwater ( Figure 4 ). This is a characteristic signature of isotopic composition in groundwater. In addition, for shallow groundwater water, δ 18 O is distributed between −7.09‰ and −0.87‰, and δD is distributed between −44.5‰ and −0.1‰. Compared with the δ values of deep groundwater, the range of variation in shallow groundwater is larger. This implies that the effects of rainfall and evapotranspiration are more direct on shallow groundwater, and suggest the occurrence of possible seawater contamination. Overall, the δ values for both shallow and deep groundwater are distributed along the LMWL (Figure 4) , showing that local rainfall is the main source of recharge for groundwater. The low variation in the distribution range indicates that the source of groundwater is simple. In addition, a comparison of δD and δ 18 O values of groundwater and precipitation in Taiwan show that the isotopic composition in groundwater is distributed between those of precipitation during the northeast and southwest monsoon seasons [28] . However, some of the δ values trend towards the isotopic composition of precipitation during the southwest monsoon season. The source of groundwater is thus more associated with precipitation during this season. For the analysis of isotopic compositions of hydrogen and oxygen in groundwater, Wang et al. [26] pointed out that the δ 18 O of deep groundwater is distributed between −6.46‰ and −5.67‰, and δD is distributed between −42.9‰ and −34.1‰. It was further noted that the variation in deep groundwater is lower than that of rainwater ( Figure 4 ). This is a characteristic signature of isotopic composition in groundwater. In addition, for shallow groundwater water, δ 18 O is distributed between −7.09‰ and −0.87‰, and δD is distributed between −44.5‰ and −0.1‰. Compared with the δ values of deep groundwater, the range of variation in shallow groundwater is larger. This implies that the effects of rainfall and evapotranspiration are more direct on shallow groundwater, and suggest the occurrence of possible seawater contamination. Overall, the δ values for both shallow and deep groundwater are distributed along the LMWL (Figure 4) , showing that local rainfall is the main source of recharge for groundwater. The low variation in the distribution range indicates that the source of groundwater is simple. In addition, a comparison of δD and δ 18 O values of groundwater and precipitation in Taiwan show that the isotopic composition in groundwater is distributed between those of precipitation during the northeast and southwest monsoon seasons [28] . However, some of the δ values trend towards the isotopic composition of precipitation during the southwest monsoon season. The source of groundwater is thus more associated with precipitation during this season. 
Discussion
According to Wang et al. [24] , evaporation significantly affects the isotopic composition of surface water. Shallow groundwater is less affected, and deep groundwater is almost unaffected. The results of their study showed that there are no signs of seawater in deep groundwater, although some shallow groundwater has heavier isotopic compositions. However, it was not determined whether there is seawater contamination or whether this is due to strong evapotranspiration effects. However, whether this implies that the two types of groundwater have different supply mechanisms requires further identification.
In addition to the study by the CGS by the Ministry of Economic Affairs [27] , we investigated 19 domestic wells (depth: <10 m) in shallow groundwater in the Penghu Islands. Sampling was carried out for each well in March and July. The results show that the H and O isotopic compositions of all 
In addition to the study by the CGS by the Ministry of Economic Affairs [27] , we investigated 19 domestic wells (depth: <10 m) in shallow groundwater in the Penghu Islands. Sampling was carried out for each well in March and July. The results show that the H and O isotopic compositions of all samples were distributed along the meteoric water line (Figure 4) , indicating that the meteoric source of shallow groundwaters in the Penghu Islands is from meteoric water. The δD values in March were distributed between −43‰ and −12‰, with an average of −36 ± 6‰; the δ 18 O values were distributed between −6.5‰ and −2.5‰, with an average of −5.8 ± 0.9‰. The average d value was 11.0 ‰ in March. In July, the δD values were distributed between −42‰ and −9‰, with an average value of −35 ± 11‰; the δ 18 O values were distributed between −6.5‰ and −2.2‰, with an average value of −5.6 ± 1.4‰. The average d value was 11.0‰ in July. A comparison of the hydrogen and oxygen isotopic compositions between March and July show that July had slightly higher average values with a higher standard deviation. This could be due to the relatively larger effects of rainwater on shallow groundwater during summer (July).
In this study, we collected 52 groundwater samples from the Penghu Islands. Groundwater δD values were distributed between −48.2‰ and −37.7‰, with an average value of −43.14 ± 2.4‰. The δ 18 O values were distributed between −6.96‰ and −5.46‰, with an average value of −6.34 ± 0.34‰. The groundwater samples collected in this study belongs to deep groundwater. The H and O isotopic composition results are consistent with the data from Wang et al. [26] , which showed that the isotopic compositions in deep groundwater have a smaller distribution range (Figure 4) . The δD and δ 18 O values plot along the LMWL of the Penghu Islands. The low variation in the distribution range indicates that the source of groundwater is simple. In addition, as there are no rivers in the Penghu Islands, we collected samples from reservoirs. Reservoir water samples were collected thrice; their mean δ values were −28.7‰ and −4.2‰ for hydrogen and oxygen respectively. These values were also distributed along the meteoric water line.
Results from previous studies and our isotope ratio data (from rainwater, shallow groundwater, deep groundwater, and reservoir water) were integrated for discussion. The distribution of hydrogen and oxygen isotopic compositions show that all water bodies are distributed along the meteoric water line. Regression of δD and δ 18 O in the Penghu islands and the LMWL was very consistent, as shown in Figure 4 . Deep groundwater was distributed in areas with light isotopic compositions. Taking into account the average values, δD and δ 18 O values of rainwater were −18.9‰ and −3.7‰, respectively; those for shallow groundwater were −28.8‰ and −4.8‰, respectively; and for deep groundwater were −41.8‰ and −6.3‰, respectively. The δ values of shallow groundwater fall between those of rainwater and deep groundwater, and notably, they are closer to those of the latter. The isotopic compositions of shallow and deep groundwater were significantly lighter than those of modern rainwater, indicating that such groundwater could possibly originate from seepage of meteoric water in the past during colder climates. The heavier isotopic compositions of shallow groundwater compared to those of deep groundwater could be related to the effects of modern rainwater on shallow groundwater. Such effects are more pronounced during summer than in winter, as reported by the CGS [27] , which found that the average δD and δ 18 O values in shallow groundwater during July were slightly heavier, but not very significantly. Overall, H and O isotopic signatures indicate that modern rainwater is not the main source of groundwater in the Penghu Islands, and that the source of shallow groundwater is related or similar to the source of deep groundwater. Therefore, the groundwater resources are limited, or there are other sources of recharge. Further studies that involve radioactive carbon dating or quantification of tritium isotopes (recharge by modern rainwater) should be carried out to confirm our results.
Conclusions
This study evaluates the distribution of δD and δ 18 O in the Penghu Islands. All water bodies are distributed along the meteoric water line. The slope and intercept of the LMWL was consistent with the equation of the Global Meteoric Water Line. A comparison of the isotope ratios in shallow groundwater and deep groundwater in the Penghu Islands demonstrate that the variation in the isotopic composition in shallow groundwater was greater, indicating that shallow water bodies are directly affected by rainfall and evapotranspiration. Overall, shallow and deep groundwater are distributed along the LMWL, showing that local rainfall is the main source of recharge for groundwater. The low variation in the distribution range indicates that the source of groundwater is simple. In addition, a comparison of the H and O isotopic compositions of groundwater and precipitation in Taiwan showed that the source of groundwater is largely associated with precipitation during the southwest monsoon season.
